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prerace

turbulence is a most interestin) natural phenomenon.
Matnematical solutions are dirfficult to handle, even witn
computers, due to the closure oroblex. Lxperimental
measurements oOf turbulence are ditficult because they are r.cc.
on statistical averages, winicn reguire large numbers Of sawnles
to be meaningful.

In this study, 7 have tried tc take advantage of tne
strides that have been made in comzact, efricient corouters tc
measure and analyze the guantities defining turbulcnt tflow
ficlds. These on-line comnuters aillow the accumulation of data
mucn mcrc raoidly and efrficientl, tnan ever nossible beilore.
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Abstract
Methods and results of an experimental stuay cof turbulenc
parameters for a plane free jet at hign surscrnic velociticsz,
using hot wire anemometer signals outouting directlv te an

on-line comouter controlled Jdata acguistion system are

repvorted. ''he apraratus studied haa a nozzle exit, 1 x lu c&,
designed for two~almensional flow.

Two measurement planes at 25 and 50 jet wldtns uoWwnstra2ar
were chosen to provide measurements to ccrpare witi ex3lsting
aata for the facility. Nozzle exit velocities of »=U.4 ana
M=0.6 were chosen for the samec reason.

The techniques for employinjy not wire anemcretry counleu
wlith a computer controlled data acguicsition systes are
described. A ccmparison or data obtaineu with the ccmnuter 1:

y made to data previously obtaineu by more traditional methods. &

ccmparison of linearized and non-linearized anemometer outout ¥
is made. A new calibration technigue, also utilizing the data
aqulsition system to greatly decrease the sensor calibration ;
time, was also develoved.

The turbulence parameters compared are rean velocity,
turbulence intensities, micro-scale, and integral scale of
turbulence. The computer determined parameters compared

favorably in all cases with the already available data.




COMPUTER

ASSISTLD VELOCIVYY
AND TURBULENCE MEASURLMENTS IN A PLAL
FREE JET AT HIGH SU3SONIC VELOCITILS

I. Introduction

Measurement of the parameters which characterize turhulcrnt
flocws has always been a time-consuming task, due to the lar.ac
amounts of data required to get statisically mcanirnful

ont

“

results. Since turbulence 1s a universal phencrenon, ore
in the flow of every vicscous fluid, determination ct tilece
turbulence parameters 1n a near real-time manner 15 escentilal
to increased understanding ot the bznavior of turpulent tlcows.
dackground

The approach to tnls research was to develcn nrocedurcs
for direct comouter determination of turhulence pararcters,
usinj an established free jet facility to generate tne tlow
field of interest, and constant temperature hct wire and hot
film anemometry for taking measurements. The flow of the free
jet chosen is classical in nature, and 1s comonarable tc free
jets already documented (Ref. 1:7 and 8:7). Ites flow field ras
been thoroughly investigated previously with the usc of nhot
wire anemometers by Shepard (Ref. 10). The comsuter scftware
and interface equipment develoned are a beginning to the
continued investigation into any turbulent flow using a
computer controlled data acguisition system to take

measurements throughout tne flow field.




;_ Objectives

This research has four major objectives.

1. Update sensor calibration techniques for single and
X-wire hot film and hot wire sensors through the use of
a computer controlled data acquisition system,

2. Develop computer software and related hardware
interface equipment to enakle prccessing of data
directly from hot wire and hot film sensors throuagh the
data acgquisition system.

3. Compare the results of turbulence parameters computed

using the non-linear, or bridge, output of the
anemometer with results comouted using analog
linearized output.
4. As a result of efficient avplication of the first twc
: objectives, reduce the run tire requireé for sensor
calibration and data acquisition, hence reducing the
risk of sensor breakage and aging.
This report is divided into six major areas. First is a
description of the apparatus used tc gererate the flow field,

followed by a description of the instrumentation, including the

3 automatic data acquisition system, used tc take measurements.

£ The next section outlines the procedures used tc take ancd
1 analyze the data. The fourth section is a discussion of thc ¥
results, while the final two sections mresent conclusions and

recommendations.




I1I. Test Appnaratus

The two-dimensional flow field of interest was generated
by a 1 x 10 cm free jet lissuing into still air. A flow field
schematic is illustrated in Fig. 1, showing the olanes of
primary interest for measurements, and the ccordinate system
used. At the nozzle exit plane, thec issuing jet has a too hat
velocity and temperature crofile, both spatially and in tire,
tc within 1/2% (Ref. 10:3), well within the electrcnic noise
level of the instrumentation. Nozzle exit velocities of !ach
0.4 and 0.6 at test planes of 25 and 50 jet widths (25 and 50
cm) downstream were chosen to wrovide a rance of data, and to
compare with previously gathered data (Ref. 10). At 25 cr,
similarity has not yet been comrletely establisred, wiile bhv 5,
cm, similarity has been freely established. Also, at 25 c¢r the
turbulence 1is not yet isotromic, while the 50 ¢m test olanc is
well within the isotropic region. Exit velocities cf 137 mns

and 198 mps were used as revresenting Mach 0.4 and ™Mach 0.6.

Parareters of Interest

The parameters used to describe turbulent flow fields arc
generally standard, and are the same as used bv Sherard (ref.
10). They include mean velocity, turbulence intensity, the
microscales of turbulence, and the integqral scales. Symbtols and
definitions are contained in Table I. For this study, the air

flow was assumed to be an ideal gas, and nozzle exit velocities

were computed assuming comcressible flow.
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L Selected Parameters Use,j to Characterize the Flow Field
Symbol Description
U dean streamwilse velocity in X direction
v “lean velocity in Y direction (width)
W Jdean velocity in Z direction (neijht)
u’ Fluctuating velocity in X direction
v’ Fluctuating velocity in Y direction
w' fluctuating velocity in Z cdirection
u’/u A alrection comoonent of turbulence intensity
v /U ¢ direction comnonent of turbulence intensity
W'/l L Jdlrection comnonent ©of turbulence intensity
Ae 11me microscale of turbulence
AL Svatial microscale
j\t iilme 1ntergal scale of turbtwulence
j\L $matial integral scale

LN




Experimental Apparatus

The free jet used in this study was designed to be used
for a broad range of research conditions. Therefore, manv of
its design features were not utilized here. Figure 2 is a
cross-section schematic of the free qjet facility.

The current limit on the amount of commnressed air readily
available limited the flow to velocities of aonroximately
Mach=0.6. However, this was considered sufficient to validate
techniques and procedures, and to orovide enough data for
comparisons. The flow was established by use of a 27 cm
diameter calming chamber, 2.13 m in length. A reclaceahle
paper filter svstem was located 1 m downstream of the inlet tc
the calming chamber. This filter removed foreign particles from
the flow, helping to alleviate some of the problem of sensor
breakage. A multi-layered steel mesh nrovided suoncrt for the
filter.

The nozzle has an area contraction ratio of 50:1, which
insures an extremely low turbulence flow and a very thin
boundary layer at the nozzle exit plane. The 1 x 10 cm nozzle
achieves two-dimensional flow over the ranae of interecst, with
v<U and W<«<KU, where U is the local streamwise mean flow
velocity, in the X axis direction, V is the velocity in the Y
direction, and W is in the Z axis direction. The measurements
of parameters of interest were taken along the X axis, and

parallel to the Y axis at the 25 and 50 cm locations.
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I1I. Instrumentation

A Hewlett-Packard (HP) 3052A Automatic Data Acauisition
System was used to read and process electronic signals fror a
Thermo-systems, Inc. (TSI) anemometer system utilizing hot wire
and hot film sensors, and their associated equipment. fFigure 3
is a schematic showing the instrumentation setuo, and also a

flow diagram of how the sensor signals are oprocessed.

Data Acgquisition System

The HP 3052A Data Acquisition Systemr consists of a 98458
Progammable Desktoo Computer/Controller,a 3495A Scanner,a 3455A
Digital Voltmeter (DVM), two 9885 Flexible Disk Drives, and a
9872S Graohics Plotter. A 3437A System Voltmeter is also
installed as part of the system, but was not used in this

study.

Computer
The 98453 is a desktop computer system designed with a f

built-in cathode ray tube display, thermal printer, two tapne

{
drives, and an extended keyboard (Ref. 6:3-6). The cathode ray :
tube, or CRT, display is the primary means of communicating :
with the computer, and is used to edit programs, view data or
graphical information, and to disvlay error messages. An eighty
character thermal line printer for hard copy output of any CRT

1

display is built into the front of the computer. Also in the

front of the computer are two magnetic cassette cartridge tane

drives, used to store programs and data for use in the
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computer. Each cassette tape can hold up to 216,832 bytecs of

information. The compbuter is eguivved with a Graphics Read Only
Memory, or ROM, allowing program execution of plotting
commands, an 1/0 ROM, which expands the computer ‘s capvability
for execution of input and output functions, and a Mass Storage
ROM, which permits the use of the flexible disk drive system.
The main working area of the computer is a tctal of 318,026
bytes of read/write, or Random Access, Memory (RAM).

Flexible Disk Drives

Two flexible disk drives are connected to the ccmputer to
expand program and data storage cavabilities. One of the disk
drives is a Master unit, the other a Slave. Each unit operates
independently of the other in storage and retrieval of data.
Each flexible disk used with the disk drive can store up to
499,200 bytes of information. The disk drives are an average of
25 times faster in operation than the comnuter s internal tao2
drives, and the flexible disks themselves are generally less
suseptible to wear than are the cassette taves.

Plotter

The plotter can produce four color gravhical outout,
elther interactively, or under program control.
Digital voltmeter

As a part of the data acquisition system, the digital
voltmeter makes AC voltage measurements with five digit
resolution, and DC voltage measurements with either five or six

digit resolutijon, as programmed by the user. The voltmeter

employs an automatic calibration (AUTO CAL) feature which

10




automatically corrects for possible gain and offset errors in
the analog circultry to provide maximum accuracy. In the DC
modes employed in this study, the voltmeter reading is accurate
to within .01%, with a maximum reading rate of 24 readings per
second. In the AC mode, voltage accuracy is within .2%, with a
reading rate of 1.3 readings per second (Ref. 4:2-4).
scanner

For this study, the scanner was confiqured with a 20
Channel Low Thermal relay assembly. This is a 20-to-1
multiplexer, allowingy 20 signals (up to 42 volts maximum) to be
monitered by one measurement instrument, in this case, the
digital voltmeter. Signals are multiplexed toc the comron
terminals one-at-a-time in a break-bhefore-make sequence. Wwith
switching time between channels of 1 msec maximum, the scann2r
is capable of switching soeeds uo to 1000 channels ver secani,
tar faster than the voltmeter is cavable of reading (Ref. 5:2).
Anemromneters and Linearizers

Two TSI Model 1059 anemometers nrocessed signals from trne
hot film ana hot wire sensors during calibration and dats
collection. The anemometers were onerated in the constant
temoerature mode, with electrical circuits ootimized for
maximum frequency response. Output from the anemometers
consisted of a DC voltage, corresovondind to mean velocity, and
an AC voltage, corresvnonding to fluctuatini velocitv. These
voltages were then fed directly to the data acguisition system
as non-linear bridge output, and also to two TSI Mcdel 1052

Analog Linearizers, which linearized the signals throughoat the

11
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velocity range of interest. These linearized signals were then
fed to the data acguisition system for processing and
comparison with the non-linearized signals.

sSensorg

Hot film sensors were selected for the majority of this
study because they were readily available, and much sturdier
than the hot wire sensors available. As one of the objectives
of this study was to develop vrocedures for the direct trancfer
of anemometer signals to the data acquisition systerm,
sturdiness was a highly desirable attribute. The sensorc were
regulirec to be exvosed to flow conditions for extenided periodcs
of time, both during calibration, and during the collection of
data. Because of this the use of hot film sensors was
considered an acceptable trade-off with the better freguencv
response of the more frajile hot wire sensors. S5inale wire TSI
Model 1214-20 .002 in. diameter hot film senscrs were used for
most of the measurements. These sensors were orientated with
the sensor axis parallel to the Z axis. A sinale wire T3I “'‘odcl
1214-T1.5 .00015 in., dilameter hot wire sensor was used as a
final check to compare the differences in results due to its
increased frequency response.

Data for turbulence intensities in the Y ani Z olanes was
taken with a TSI Model 1241-10 .001 in. diameter X~-fil~ senscr.
This probe consists of two orthogonal film sensorcs severated bv
.012 cm. Each sensor was connected to a sewerate anemometer,

and the sensor signals were processed in both the linearize.

and non-linearized form by the comnuter. leasurements of U, u’,

12
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Vv, and v° were made witn the sensor wires parallel to the X-y
plane, while measurements of U, u’, W, and w’ were made with
the sensor wires parallel to the X-Z olane.

gorrelator

A HP Model 3721A Correlator was used to calculate the
autocorrelation function, needed to determine the integral
scales and microscales of turbulence. The two channel
cavability of the correlator was used to pnrocess the real-tir»

linearized and non-linearized signals as near as »ossible to

each other in time. The autocorrelation functions calculated hy
the correlator were passed to the comnuter fcr further
processing throujh a HP 1odel 37207 Spectrur Disvlav, and a
hardware interface box design2d and built by Mr. 3reay 1Tirrz of
tne Air Force Propulsicn Labcratorv. This interface wac
necessary because the data trancfer rate of the swectrur
disnlay unit is incompatible with the data acauiszition syster,
a common problem with instrumentation irterconnection. The
comcuter software to control the correlator and to trancfer
data to the comouter was develooed in conjuction with Mr. 3rexd
1Tibbs and “4aj. John vVonada (Ref. 14).

Voltmeters

Two Digitec ™Model 268 DC Millivoltreters were used durinn
calibration and data collection, One was used to moniter the 7

non-linearized bridge outnut of the anemometer, tnhe other

monitered the linearized signal.
Two HP Model 3400A RS voltmeters were used to moniter the

AC component of the anemometer signals, which is prooortional




to fluctuating velocity. These voltreters were used in the csarg
manner as described for the DC voltmeters.
Manometers

A 60 in. mercury manometer was used to measure the total
pressure in the calming chamber of the free jet. Two manometers
were used to measure calibrator calmingy chamber vpressure durinn
sensor calibration. A 20 in. water micro-manoneter was usci to
measure pressures from 0 to 2.5 in. of water, A 120 in, U-tuh2
water manometer was used to measure vressures from 2.5 in. of
water uo to 115 in. of water, corresoondiny to a velocity of
approximately 650 ft rer sec.
cathotometer

A Gaertner Scilentific Co. cathotoreter was ucel durinc
data acgquisition to wosition the scnsors tc within .CJ1 in, cf
desired location in all three coorldinate directionc.

Oscilloscope

A Ballantine Model 10066S Oscillcscoce was used in
maximizing the freguency response of the anerometer circuits
during sensor calibration.

Treansducers

Twe Validyne Model DP1l5 transducers were used durina
sensor calibration tc convert pressures into prcrortiornal
voltages. A .5 psi transducer was used to measure pressures un
to 2.5 in. of water, or velocities up toc aoeroximately 125 ft
per sec. Pressures above 2.5 in. of water were measured witn a
25 psi transducer. Two Validyne Model CD23 Power and Disrlav

units were used toc moniter the transducer outnut ard tc racs

14




the transducer outnut directly to the data acauisition svster.,
calibratcr
A TSI Model 1025 Calibratcr wes used to calibrate hoth

single and X-wire hot film and hot wire zenscrc throuchcut tne

velocity range of intercst,




IV. Experimental Procedure

Sensor Calibratjop

Cne cf the objectives of this study wes tc simpnlify and
autcmate the time-consuming task of sensor calibration. Ceneral
calibration instructions are prcvided by T5I (Ref., 12:2.2-2.9).
To accomglish this, senscrs were calibrated usinn the
calibratcr, with the anermometer bridgec outnut fed directly to
the data acguisition system. Pressurec in the calihrator
stilling chamber were converted to vcltagecs usina & .5 psi and
a 25 psi transducer, and these voltages were fed to tne data
acqusition system. The compnuter then calculated the velccity

using the comoressible flow equation for averaac velocity

U= (2*g*R*To* (¥/(¥-1))*(1l-(Pa/Po) " (¥-1)/¥)".5 (1)

after converting transducer vcltages back to pressures.

This voltage and velocity data wes ther used tc calculate the
fourth order ccefficients to be set in the four ovotentioreterc
on the I'SI 1052 Linearizers. The cornuter nroaram tc calculate
these coefficients was based on a BASIC oproaran vrovided bty 101
(Ref 13:42-54). These coefficients were set in the linearizer,
and the calibration was run again to check the accuracv of the
linearized outout. A least sqguares program was ther used to
calculate a fourth order curve fittina the non-linear bridge
output, and a linear curve fitting the linearized outnut. All
of the calibration data and the resulting curve-fit |

coefficients are stored on floory disk fcr future reference and




for use during data manioulation. Storing and using the
coefficients of the curve saves both computer time and storajge
space when comrared to using a comnuter-stcrcd table of tne

calibration values,

X-wire sensors were calibrated in the same manner ac
single wire sensors, excent that the wires were each orientate?:
45 degrees to the mean streamwise velocitv. Each wire was
calibrated individually, coefficients calculated, and data
stored in the same manner as the sinjle wire sensors. Tvniceal
cutout from the sensor calibration onroorar is given 1n Annondix
A.

control of Tect Corditions

Since the nozzle exit velocities under consideraticn 1in
this study were well within the comnressible flcw recive,

Eaquation 1 was used to determine the oressure reauire-i in the

free jet calming charoer to orovide the reguired velocity.
Velocity in the calming chamber itself was negligible, so that ;
chhiamber terperature ana precssure reoresented total conditions,

Constant pressure in the calminag chamber was maintained by ‘
adjusting the comoressed air by-nass, which was vented to the ‘
atmosvhere, until steady flow was ohtained at the desire H

oressure, with the compressor running continucuslyv.

Measurement Technigues :

'he sensor probe supvort was attached to the three

B A

' dimensional traversing mechanism of the cathotometer. The
nozzle centerline and test planes had been nrevinusly set hy ;

plumb beb and thecdolite, and were referenced to the

17




cathotometer. Each time the probe was mounted on the traversinag
mechanism, it was referenced to the centerline of the nozzle.
Measurement points were determined, in general by attemnting to
cover the same range investigated by Shewmard. To reduce the
possibility of flow effects from the orobe suvpoorts and to
reduce vibration, the sensors were mounted on a 90 degree elbow
facing the streamwise flow direction,

As the orimary objective of this study was to evaluate the
feasibility and suitability of using the data acguisition
system tc process anemometer data, the sturdier hot film
sensors were used in olace of the more fragile hot wire sensors
for the majority of measurements. Hot wire sensors were used to
take measurements at the 25 cm and 50 cm test planes at M=0.4
for comparison purposes. Attempts to obtain hot wire data at
M=0.6 met with failure, as the sensors were immediately
destroyed uoon insertion into the flow field. The single wire
sensors were used to measure the velocities, obtain turbulence
intensities, the microscale, and the intearal scale of
turbulence. The X-wire sensors were used to calculate the
turbulence intensity components in the X, Y, and Z directions.

Measurements of Velocities and Turbulence Intensities

Voltages needed to calculate velocities and turbulence
intensities at each measurement station were input directlv to
the computer through the scanner and the digital voltmeter of
the data acquisition system. When using single wire sensors,
one scanner channel was connected directly to the anemometer

bridge output, while a second channel was dedicated to the

18




linearizer output. At each data point, the computer controller
directed sequential access to each channel, first reading DC
voltage, followed by the RMS voltage for each channel. For the
X-wire sensors, four scanner channels were used, one for each
bridge output and one for each linearizer output. The DC and
RMS voltages for each output channel at each data »noint were
stored on floppy disk for subsequent manioulation and for
permanent storage., DC voltages were converted to mean
velocities by the computer, using the stored sensor calibration
curve, and non-dimensionalized by the centerline velocity,
Ucen. RMS voltages were converted to fluctuating velocities hy
evaluating the slope of the calibration curve at the
corresponding DC voltage and multiolying by the R43 voltage
(Ref 15:142). Turbulence intensities were then determine? by
dividing the fluctuating velocities by Ucen.

Calculation of Microscale and Integral Scale

The microscale and integral scale of turbulence were
determined from the autocorrelation function calculated by tne
correlator. In this study, both correlator channels were used.
The linearized anemometer signal was fed to one channel, while
the bridge output went to the other channel. The linearized
signal was evaluated first, through variation of the time
scale, to obtain a correlation function suitable for
calculating micro and integral scales. This curve was then
transfered to the computer and stored. The second correlator

channel, the bridge output, was then manually selected and

processed in the same way. This method kept the evaluation of
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the two signals as close together as possible.

The time microscale is the average time for the smallest
eddies to pass the sensor. The time microscale was determined
by fitting an osculatory parabola to the first portion of the
autocorrelation curve as outlined by Hinze (Ref 7:34-42) and

Freathy (Ref 3:22-24). The microscale is then found from
At = T/(1-R(T)/R(0))".5 = T/.316 (2)

where R(0) is the value of the autocorrelation curve at time
zero, R(T) 1s defined as .9 of R(0), and T represents the time
corresponding to R(T) on the time axis.
To transform from the time domain to the spatial domain,

Taylor ‘s hypothesis

2 -y (3)

was utilized to determine an aporoximation of the ohysical
size ok the eddies. The spatial microscale 1is onresented only to
show trends, fully recogniziny the limitations of Taylor’ s
3 hypothesis (Ref 7:30,40-42).
) The time integral scale is defined as the area under the
3 autocorrelation curve to the point where it first croscses the
abscissa. The time integral scale is the longest time scale of
| the turbulent fluctuations. The area under the autocorrelation

curve was numerically evaluated by the comobuter using Simoson’s

rule. Taylor’'s hypothesis was asain invoked to obtain a snatial ‘




-

integral scale. The spatial inteqral scale is an aonroximaticon

of the size of the largest eddies in the flow (Ref 2:39).




V. Results and Discussion of Results

Primary measurements were made at 25 cm and 50 cm
downstream of the nozzle exit. These test planes were chosen in
order to compare data taken with the automatic data acguisition
system to that previously obtained through other methods. Data
was collected employing both hot film and hot wire sensors
across the flow field. Results are nresented for only halt of
the jet width out the Y axis, as the flow field is symnetrical,
and this is the manner chosen by Shepard tc nresent his data.
All data collected in tnis study, and the computer proarams
used for data collection and maninulation, are maintaine:d on
flonoy disk in the Devartment of Aeronautical and Astronautical
Engineering, Air Force Institute of Technoloav, ~sriant-

Patterson Air Force Base, Ohio 45433.

Presentaticn of Results

The experimental results of this study are nrecsznted in
this section and in Aooendices A, B, and C. Awoendix A containg

typical results from the sensor calihration prcgrar. Aonencdix

contains comparisons of data collected at a jet velocity of
“M=0.4. Appendix C contains comnarisons of dats collected at 2

jet exit velocity of X=0.6.

o
0

Data for the granhs presented in Anonendices 3 ana T h
been nondimensionalized. Quantities on the oriinate were
divided by a velocity, normally the jet centerline velocitv. j
Quantities on the abscissa were divided by the half width of
the jet, Yo. This method was chosen since it allows easier

comparison with the data previously oresented by 3necoard,
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although the scaling itself results in some smcothiny oL tr.
data. Also, the lines drawn between data points on the jra=::
in Appendices L and C are only to assist in follewina the dat.
set, and do not rewnresent any actual values.

Calibration. The procedures and techniquec develonca ann
emnloyed in this study yielded excellent results for all tvrer
of sensors across a broad ranje of velocities. For this ctucv,
the mean velccities In the flow ficll ranjged fro— rnoar zaro
velocity to over 6U0 ft oer seconi. {hree other studsnts nave

used and referenced the comnuter oroirars ant technicues

developed here to calibrate sensors. I'wc of these were

investigating flow ficlus of intermediatec velocitv, 1in tac

range of 290 tc 45) tt =»er sccond. The thirl was an
investigation of much slower velcocitles, wilth maxirar
velocities less than 35 £t »er saconti. In all ceczcs, sonsors
could be ~uilckly and accurately calibrated, wits the data
pcints uced anl the resulting curve fit coefficionts
immediatcly available fror tne cemnuter s internzl tner-sl

orinter. Figures 11,12, and 13 of Aroen:iix A »nrecsent tyoicol

results of the calibration orogra-.

One area ct interest was noteld durin~ trezce calibraticr
runs. Jhen attemnrting to calibrate at verv low velocitios,
below avoroximately 10 ft ver second, the .5 Dsi transducer
used to measure pressures was not statle enouan to orovidiz
good voltages to the data acguisition system., This resultel in
incorrect velocity calculations at those noints., It anoeared

that the transducer may have been reacting as much to sliuant

23
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temperature variations in the room, as to the very srall
pressures it was trying to measure. Thics prohlem could he
easily avoided by takinj the zero flow reference point az thc
first point in the calibration, tnen takini the second readinjy
at a velocity slightly above 10 ft per second. This corresrwcn.c

tc a transducer reading of acoroximately 0.1 vclt, and ceorma to

be in a more stable range for transducer owmeration. After the

second point, calibration ooints could be taken in any hialer
range, and a smooth fourth order curve ftit to ther.

TSI recormends at least 20 calibration data »ncints be
taken if the sensor circuits are tc be linearized (Per. 12:10),
and 20 pcints provided srocth accurate curves for the
non-linecarilzed case as well, without the regquirerernt for
welgntingy deta voints. Egual veltage increwentc aave tne bhert
data ceint spmacing, keewning in mind tho abcve restricticon on
the very low velocity »oints. In all ceses, the sensor was :
regulired tc be exnosed tc the flow durina calikration for & .
shorter period of tire than was ucually nozgirnlc with previou:s It
cclibration technicues. Also, the senscr wes avallarle rfor
immediate use and feedback, without first having tc rescrt to
laboricus nard granhing of the calisration curve. 5

Data Acauisition. The data collected with the usec cf tnc

autcmatic data acguisition systenm shows very clcse cerrelatior

with the data collected and presented by Sherard. Turlulence g
intensity profilec calculated from the single wire sensor data

were generally within aporcximately 3% of the profiles

oresented by Shercard, and in all cases, confirmed the treniz

24
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snown by sShevard. Typical recsults f{cr turbulerce intencity
orotfiles are shown 1n tigs. 4, 15 ani 27 of Apverdix B, ani 3
and 45 of Aorcndix C.

I'ime microscale nroililes also follow Shermard’s data very
closely, especially around tne center ot the flow field., ~t 1~

cm at M=0.4, this study fourd that the microscale terded to

rise a little faster than nredicted by Shevard, ac tre senzor
wes moved across tne flow fleld, but tne trend still followedd
Snecarc’s data. ihe sare trend to a slightly fastcr rice in tic

lso present at 50 cm. at “=J.4. iowever, at

[}

tire microscale ic
n=0.6, the data frcm this study vnoints to a smaller increase

tnan shepara’s data indicates. lhe trendg are indentical to

thcse mresented hy 5nerard, trougjh, in all cazes. Since tne

microscale 1s the measurerent rost demendent or scngcr

dlareter, the data obtailned with tnhe hot wire senscr i1s oot

anollicable here. Figure 21 shcws the «data for tnhe microscale a:s d
=0.34 taken at 25 cm witn the .00015 in. diareter 11.5 sencscr.

Again, tne data follows Shepard’s very closely at the centor o

tne flow, but rises sligntly more raoidly as the senscr iz iy
moved out fror the center of tne jet. Comzared witih tnce data
orecented for the hot film senscr, there is almost nc

dif ference between the microscale calculations. At 30 cz, tne
trends are the same, but here the voints calculated fror tiao
not wire data increase slightly faster than do those »noints
calculated from the hot film signals, indicating some increase’
frequency response. Closer to the center of the flow field, hot

wire and hot film data agree almost exactly. Tyoical outrut for
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the time¢ microscale calculations are found in Figs. 5, 17, 21,

23 and 32 of Apmendix B, and 39 and 46 of Apnendix C.

I'ne trancformation frem time microscale to the spatial
microscale using laylor ‘s nynthosis yielded results very closc
to those snown by Shepard at 25 cm. Tyrical results are sicwn
in Figs. 6, 18 and 22 of Appoendix B, and 40 of Apvendix C. At

50 cm, however, the data shows a tendency to start at lower

values in the center of tne flow, then to steadily rise nefore¢
starting to decrease as the sensor is moved out of the mixing
region. ‘I'his tendency was noted for all runs. Alsc, tne snatial
microscale reached higher values tnan Shemard’s data nad
predicted at the edge of tne mixina reaion, and shcwed wider
variations after passing the edge of the mixing regicn., Tyoical
results for the spatial microscales are shown in fias. 29 ani
33 of Appendix B3, and 47 of Aopendix C. very little additional
smoothing is inaicated for the svatial scales comrmared tc tno
data collected by Shevard. Some of the scatter here can be

attributed to the use of Taylor’'s hyoothesis, with very small

o

numbers (the time microscales) beinag multinlied by relatively
large numbers (the velocities). This can cause maanification of
small variations in either time or velocity.

Time inteqral scale profiles are nresented in Fig. 7, 19,
23, 30, and 34 of Aonendix 3, and 41 and 48 of Apoendix C. At s
25 cm, the data from this study matches Shevard’s data with
only very slight variations. At 50 cm, however, the integral

scales fall slightly below those presented by Shepard, and j

level off at a somewhat lower value. Again, these results were 5
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consistent for all runs.

The transformation from time integral scale to spatial
integral scale a}so followed Shepard’s data very closely at the
25 cm data plane. These results are shown on Fig. 8, 20 and 24
of Appendix B, and 42 of Aprendix C. At the 50 cm data olane
the results show a fairly rapid increase, followed by a fairly
rapid decrease atter passing the edge of the mixing region.
Shepard’s data predicts this kind of trend for M=0.4, but
indicates a much more gradual, almost constant integral scale
at M=0.6. Results at the 50 cm plane are found in Figs. 31 ani
35 of Appendix B, and 49 of Appendix C. Again, additional data
points show no tendency to increase the smoothness of the
curves.

Comparison of Linearized and Non-lincarized gignale. Fiaures 15

and 26 of Appendix 8, and 37 and 44 of Apoendix C, show results
of mean velocity proriles calculated from both the briage
output and the linearizer outout for the single wire sensors.
At 25 cm, the difference between ratios calculated from the
non-linearized outnut varies only slightly from that shown by
the linearized signals. At 50 cm the variation 1is slightly
greater, but no real trends are indicate.l, with some linsarizel
values being lower than the non-lincarized values at the same
point, and vice-versa.

Turbulence intensity profiles tend to show more variation
between the linearized calculations and the non-linear ones,
especially in the range of turbulence intensities above 10%.

This result is predicted by TSI (Ref. 11:3). The linearized
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calculations show much smoother tendencies, while the
non-linearized calculations show considerable fluctuation., This
trend is especially noticable in the turbulence intensities
plotted from signals from the X-wire sensors. These plots are
presented in Figs. 25 and 36 of Apvoendix B, and 43 and 50 of
Appendix C. Here, the linearized calculations present a
relatively smoothly decreasing curve, while the non-linear
effect is multiplied, resulting in a highly fluctuating curve
from the non-linearized signals.

The turbulence parameters calculated from the correlator
data, the time microscale and the time integral scale, do not
show this dependency on linearization. On both scales, the
linearized signals and the non-linearized signals lie very
close, with no clear trends favoring one over the other. Since
these parameters are frequency dependent, thls would indicate
that correlation over longer time periods tends to smooth the
resulting data by eliminatinj frequency differences between the
linearized and the non-linearized signals. when transforminy to
the spatial scales, the difference between the linearized
result and the non-linearized result tend to increase somewhat
as the sensor is moved outside the mixinjy region. Small
differences in the calculated local velocities outside the
mixing region tend to magnify differences in calculations usinjg

Taylor ‘s hypothesis.
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VIi. Conclusions

Experimental measurement of turbulence parameters is ot
great interest in the study of fluid flows, since the great
majority of these flows are turbulent. Hot wire and hot film
anemometry has been founa to be an excellent instrument for the
study of turbulence. However, to really get meaningful results,
many data points throughout each flow field must be
investigated. Therefore, the integration of an automatic data
acgulisition system into the collection, analysis, ana
interoretation of turbulence parameters was develooed. The
ftollowing zonclusions are drawn from the results of this study:

1. The automatic data acguisition system provides for
real-time, on-line determination of turbulence parameters usinj
information provided by hot wire anemometry. Results can be
available for analysis and evaluation much more raosidély than

possible with the present system.

2. The automatic data acguisition syster also provides for

fast, accurate calibration of hot wire and hot film sensors.

fhe resulting calidration curves can be used eltner with the
data acguisition system to analyze data, or they can be useu

when taking data manually.

PG e= 2  THRP, Py

3. Use of the automatic data acguisition system decreased
the time the sensors had to be exposed to the flow field, which
materially reduces sensor aging, or accumulation of dirt, and i

random sensor breakage. ;

4., Comparison of turbulence parameters calculated from

linearized hot wire and hot film sensors with those calculated '




from the non-linecarized signals snow linearization to be an
effective tool for use when determininj turbulence intensity,
especially when using X-wire sensors in a flow cnaracterizeca iy
relatively high turpulence levels, that 1is, turbulence
intensities above approximately 10%. when used in calculatin:

velocities and, in conjuction with tne correlator, to fin. tne

microscales and integral scales, linearizaticn does not 2rovi.ie
any additional smoothinj of the resultant curves.

5. A fourth order volynomial curve fit to tnrne calibraticn
data points results in a coefficient matrix or only five ter-c,
wnicn is easily input to any prozram using that particular
sensor, and materially reduces tne comnuter space ant timc
required over that necessary if the calibration data 15 storei

as a "look-up" table,.
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vII. Reconmendations

1The followina wre recommendations tor future stuay:

1. A study making use of the techniaques developed Ly
Robinson (Ref 9:24-27) should make use of the data acguisitinn
system to control steoper motors nositioning the sensors benind
the free jet facility, in addition to collectiny data. ~Addition
of position encoders to accurately determine senscr location
would then provide a comvletely autorated syster for any tuture
investigations.

2. A pverforatea ovlate mounted benind the frce jet to
generate turbulence snould be studied. I'ne intciyral =zcalesg i
turoulence behinua such a nlate should be the size of the nclec
in the plate. I'nis study would prcove a furthocr chneck ¢cn tne

accuracy ©f totn tne anerometry and tne data acaalsition

“

/3tern.

J. A stuay uslng tnis anoaratus ocnd heatiny tnge tlow

3 i

snZald he conducte. to determine wonat corrections need to be
rade te censcer calibrations when the calibration cen nct b2

accorplizied at the samoe terneratur: = the ficw ficll bteoin:
investliiatod.

5. A stuny could be made usiny a laser velccir-cter to

determine the 1nterference aenerated by the senscor ana »nrohe
suoport cn the flow. Thic inforration wculd ke uscrul in .
analyzing errors 1n data collected hy hot wire anemomctry.

6. Usin) tne technijues ueveloned 1n this studay, a l¢ss
turpulent flow should be analyzed, ajain comnaring lingarized i

and non-linearized sijgnals to determine differencec.




e e}

7. A pressure transducer could be used to moniter charber
pressure and, along with a thermocouple, would orovide a
continuous check on chamber conditions. A range of allowable
temperatures and pressures could be input to the computer, anua
the automatic data acguisition system could then alert tne
operator to any variations outside these limits.

8. The autoratic data acguisition syster cculd ke
ceniigured to contrcl and operate a mrecsure reauletcr valve,
both for contrclling pressure in the calming chambher durina
calibration, and controlling vwressure in the free jet calmina
chamber during data acquisition.

9. Addition of a seperate comnuter subroutine tc skotcn
the flow field, test section, and senscr location wculi =rcovide
tne cverator with a visual check of the test »larecz, allowin: o

more thorcuch investigation orf areas oif warticulcr interacst.
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Appendix A

Computerized Calibration of Hot-wire Anemometersg

One ot the objectives of tnhis study was to develoo a
technigue for calibrating hot wire and hot film sensors using
the automatic data acguisition system. Previous calibration
techniques tended to be time consuming, as calibration data had
to be either plotted by hand, or manually entered into a
central site computer for calculations. Basic instructilons tor
sensor calibration are found in the TSI operating manual (Ref.
13:2-7).

Equipment Setup

he calibration points were obtained by exposing the
sensor to a controlled flow field using the T3I Model 1125
Calibrator. The pressures in the calibrator stilling chamber
were determined using two pressure transducers. Voltage output
from each transducer was fed directly through the scanner into
the automatic data acquisition system. Anemometer signals from

the bridge and signals from the linearizer were alsc sent

Ly,

directly to the data acquisition system. Figure 9 shows the
eguipment setup schematic for sensor calibration.
Calibration
The first step in the calibration program is to determine
the equations for the response of the pressure transducers.
Through many runs, it was determined that the transducer
response was linear and remained constant over long periods.
Because of this linearity, three points for each transducer are i

all that are necessary to determine the needed coefficients.
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ﬁ

The zero flow point, a pressure of about 2.5 in. of water, and

a point ot about 1.2 1in. of water were found to work best for

the .5 psi transducer. In this range, air is essentially

incompressible, and Bernoulli’s equation is valid, so that

V = (2*%g*h)".5 (4)

where h 1s the chamber pressure in incnes c¢f water. Therefore,
in this area of the calibration curve, sm:11 chanyes 1in
pressure cause large changes in velocity, and extra care nust
be exercised durini calibration. This is also the reasonr for
choos1inyg to use the micromanometer ani a second transducar to
measure pressures in this region. For the 25 pci transaucer,
inputs of approximately 2.5 in. of water, a Dressure near the
pressure reguired to obtain the hignest anticimatea velocity,
and a pressure approximately midway between the two, gave tne
best results. Typical computer output for the 25 psi transducer

is shown in Fig 10. ;

After the transducers are calibrated, the calibration
points for the non-linear sensor calibration can be ottaineld.
fhe zero flow point 1is input first, then points in increasina
velocity to the maximum reguired. The best results were
obtained by inputing 20 data points at approximately equal
increments of bridge voltage. The calibration points are
plotted by the computer, with hard copy available from the
internal thermal printer. Figure 11 shows the computer ocutnut

tor a typical hot film sensor. A least squares technique ics
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then used to fit a fourtn order polynomial to the calibratio:
polnts to determine tne egquation for the calibration curve,
which solves for velocity given voltages from the anemoneter. /.
typical curve fit is illustrated in Fig 12 for a hot filn
sensor.

The least sguares routine provides tive coerficients tcr
the fourth order polynomial curve fit. In general, tnese
coefficients are too large to be set in the 151 Model 1052
Linearizers. Also, the linearizers have only four a:ijustanle
potentiometers, therefore, the coefficients must be ncrnalizeu
sucn that the constant term 1S approximately zero. inic is
accomplished by heavily weightinjy tne zero flow point in tnc
computer program, and by normalizing tne remainina four
coefficients to the bridge voltage at zero flow ana to tng
maximum flow velocity inout during tne calibtration. [uc
calibration program handles tnese problems by 1lncorporating 3
BASIC program outlined by ['SI to comoute the required
normalized coefficients. rhese coefficients are orinted by tnc
computer ‘s internal printer, along witn an analysis ol thcir
accuracy.

Tne comnuter then halts the vrogram while the user sets
the coefficients into the linearizer. wnen set, the oDrojrac i:c
continued, and the calibration is run again. TI'his tire, tne
linearized signals are read and stored, and a linear curve 1s ;
t1t to the calibration points. This provides a check on tuc
accuracy of the linearizer, and provides the coefficients for

the linearizer curve to ke stored. I'ypical results are snown 1n
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y Figa 13. Filnally, the voltages ani veloclties used to ontailn
both sets of callbration curves, as well as tne correzgonding

coerficients, are printed out. Figure 14 snows the recult,
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Appendix B
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2ppendix C

Experimental Data for Jet Lxit Velocity of M=0.6
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